The effects of Sb on the precipitation of synthetic scorodite, and the resultant phases formed, were investigated. Nine synthetic precipitates with varying concentrations of Sb, together with As-only and Sb-only end members, were prepared using a scorodite synthesis method, and these were characterized using XRD, SEM, chemical digestion and µXRF mapping. anhedral masses of smaller crystallites. Chemical digestion of the series also became increasingly difficult with increasing Sb content. We conclude that Sb is not taken up in scorodite (perhaps due to its larger ionic radius and different co-ordination with O compared to As), that increasing amounts of Sb in the system affect scorodite morphology, and that tripuhyite is a highly stable and perhaps underestimated Sb-sink.
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wt. % Sb (mean 0.012 wt. %) in pyrite (Kossoff et al., 2012) . The major primary host of Sb in mine wastes is stibnite (Sb 2 S 3 ) (e.g., Kossoff et al., 2012; Roper et al., 2012) . These primary
As and Sb minerals frequently occur together (e.g., Wilson et al., 2004; Anawar et al., 2011) , and it is therefore likely that their secondary (alteration) phases will also be associated.
One of the major secondary As-bearing phases in mine wastes is scorodite, which has been shown to have the lowest bioaccessibility of common As-bearing mine waste minerals at pH values > 4 (Meunier et al., 2010; Salzsauler et al., 2005; Nordstrom et al., 2014) .
Scorodite is considered to be a stable phase, particularly under oxic conditions (Drahota and Filippi, 2009) , but under reducing conditions (Eh<100 mV) it is destabilized, often as a result of the activity of organisms such as Fe(III)-reducing bacteria (Cummings et al., 1999) .
Although Sb is known to be present in mining-affected environments where scorodite occurs (e.g., Haffert and Craw, 2008) , its potential effects on scorodite precipitation and character, and the resultant Sb phases formed, are not well-known. To fill this knowledge gap, we conducted co-preciptiation experiments with Sb and scorodite, and we examined natural scorodite samples for the presence of Sb. This study therefore aimed to determine how the presence of Sb affects scorodite precipitation, and to characterise the solid phases produced.
Methods and Materials

Synthetic Fe-As-Sb-O compounds
Synthesis methods
The method of Paktunc et al. (2008) was used to synthesize scorodite-type compounds with zero to 100 molar Sb/(As+Sb). The method was modified by carrying out the synthesis in sealed reaction bombs with PTFE liners, rather than on a hotplate. The bombs were set in a 140±3°C oven for three days (72 hours). Eleven precipitates containing various proportions of As and Sb were synthesized (Table 1 ). The syntheses were carried out using 0.1 M HCl 
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Characterisation of synthetic precipitates
The precipitates were photographed using a Nikon D300S camera and their colours were recorded using a Munsell colour chart. The precipitates were then identified by X-ray powder diffraction using a PANalytical XPERT-PRO diffractometer (45 kV, 40 mA) with CuKα radiation monochromated by a Ge(111) plate. Anti-scatter Soller slits were used and the precipitates were spun at 0.5 rev s -1 . A constant step-scan interval of 0.0167° was used from 10−80 °2θ corresponding to 4,189 data points. Total exposure times of 5 hr were used to obtain patterns for Rietveld refinement of precipitates As 100 Sb 0 , As 98.75 Sb 1.25 , As 95 Sb 5 , As 90 Sb 10 , As 60 Sb 40 and As 50 Sb 50 , comprising mixtures of well-crystallised scorodite (with or without minor poorly crystallised tripuhyite). An exposure time of 3 hr was used for those precipitates containing poorly crystallised tripuhyite that were unsuitable for Rietveld refinement, but allowed peaks to be identified and indexed. The detection limit of the diffractometer based upon scorodite: tripuhyite ratio (by mass) was estimated by preparing mixtures of precipitates As 100 Sb 0 (pure scorodite) and As 0 Sb 100 (pure tripuhyite). It was found that scorodite peaks could be detected and peak positions determined at the 2 wt. % level, which we take to be a good indication of the phase detection limit for our diffraction experiments.
The morphology and size of the precipitates were analysed using scanning electron microscopy (SEM, JEOL JSM-6480LV) following Au coating. For the imaging secondary electrons were collected using a 7 kV acceleration voltage. The relative proportions of As,
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Sb, Fe and O in the synthetic precipitates were determined by Wavelength-dispersive X-ray spectroscopic (WDS) analysis (EMPA; Jeol 8100 Superprobe) on polished resin blocks.
Analyses were carried out using an accelerating voltage of 15 kV, a current of 2.5 nA and a beam diameter of 1 µm. The counting times for all elements were 20 seconds on the peak, and 10 seconds each on the high and low backgrounds. The analyses were calibrated against standards of natural silicates, oxides and Specpure ® metals, with the data corrected using a ZAF program (Gill, 1997) .
For quantitative total element analysis, approximately 200 mg of the synthetic precipitates were dissolved in a PTFE beaker by adding 10 mL of concentrated HNO 3 . This digestion methodology proved difficult, however, for the more Sb-rich members of the series.
The concentrated HNO 3 digestion was successful only with precipitates As 100 Sb 0 , 
Collection and electron microprobe analysis of natural scorodite and tripuhyite samples
Natural samples of scorodite (n = 36) were obtained from museum collections at Birkbeck College (London, UK), the Natural History Museum (London, UK), the Manchester Museum
(Manchester, UK), the Smithsonian Institution (Washington DC, USA), the Victoria Museum (Melbourne, Australia), the American Museum of Natural History (New York, New York, USA) and the Natural History Museum (Salt Lake City, Utah, USA) and from mineral dealers. The samples were photographed using a Nikon D300S camera and their relative proportions of As, Sb, Fe and O were determined by electron microprobe analysis using the same instrument as described above.
µXRF analysis of synthetic precipitates
To investigate the distribution and association of As and Sb in the synthetic precipitates, we carried out micro X-ray fluorescence (µXRF) mapping at the Sb L III and As K edges at the Diamond Light Source on beamline I18 on polished blocks previously analysed by EPMA.
Operating conditions for the storage ring were 3 GeV and 200 mA. On I18, which is an undulator beamline, the X-rays are focused by a pair of Kirkpatrick-Baez (KB) mirrors after being monochromated by a Si (111) double-crystal monochromator. Harmonic rejection for Sb was achieved by reflecting off the silicon substrate of the KB mirrors. The beam size for the µXRF was 5 µm. A C C E P T E D M A N U S C R I P T
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became increasingly orange-red and homogeneous in colour as the amount of Sb in the precipitates increased (Figure 1 ).
XRD.
Powder XRD patterns of all precipitates are shown in Figure 2 . Examples of Rietveld refinements for precipitates As 100 Sb 0 and As 60 Sb 40 are shown in Figure 3 , and an enlargement of the diffraction pattern of As 0 Sb 100 is shown in Figure 4 . The numerical results of Rietveld refinements are summarised in Table 2 , and unit-cell parameters as a function of composition are plotted in Figure 5 . (Figures 2 and 3 ). These peaks are assigned to poorly crystallised tripuhyite and correspond to {110}, {011}, {121} and {031}, respectively. Nonetheless, it was possible to refine meaningful unit-cell parameters for scorodite from the two-phase patterns of As 60 Sb 40 and As 50 Sb 50 (Table 2 ).For As 40 Sb 60 and
As 10 Sb 90 the interference from broad tripuhyite peaks was too severe to refine meaningful cell parameters. However, by eye, the positions of scorodite peaks (which remain sharp) in diffraction patterns of these precipitates are very similar to those of more As-rich compositions for which cell parameters were derived. Precipitates from more Sb-rich starting compositions gave diffraction patterns containing only the four broad tripuhyite peaks.
Rietveld refinement was carried out using GSAS (Larson and Von Dreele, 2004) . The following global variables were refined to convergence initially before then refining structural variables: scale factor, zero-point, 3-6 background parameters (a cosine-Fourier
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series), profile parameters (U, V, W and LX) and unit-cell parameters. Atom coordinates and isotropic displacement parameters were determined for all atoms. In order to stabilise refinements to convergence, it was necessary to refine shared U iso for all four non-H 2 O oxygen atoms and also tie together U iso of the oxygen atoms of the two independent H 2 O molecules. For the refinements of the patterns of As 60 Sb 40 and As 50 Sb 50 , both of which contain a significant tripuhyite component, it was necessary to omit refinement of atom coordinates and all U iso (fixed at 0.02 Å 2 ). As we are primarily interested only in deriving unit-cell parameters from Rietveld refinements, these limitations did not have any deleterious
effect upon the quality of cell parameters.
Despite the presence of a poorly crystallised tripuhyite component in the diffraction patterns of precipitates As 60 Sb 40 and As 50 Sb 50 (several very broad but minor peaks), it proved possible to refine meaningful and well-constrained unit-cell parameters for scorodite. The starting model for all refinements was the structure of scorodite reported by Xu et al. (2007) in orthorhombic space group Pbca. Å, c = 10.3219 / 10.3247 Å, and are also similar to those for synthetic scorodite compounds collected previously (e.g., Savage et al., 2005; Jia et al., 2006; Paktunc et al., 2008; Paktunc and Bruggeman, 2010) . There is no clear evidence for scorodite in precipitate As 10 Sb 90 ,
suggesting either that it was below the detection limit of the XRD instrument (2 wt. %) or that there is some As incorporated in the tripuhyite. The peaks for tripuhyite are significantly more diffuse than those for scorodite. This is likely a function of the comparatively disordered relationship between Fe and Sb in the former phase. Indeed, some authors have claimed that there is no long-range order between Sb and Fe (Berlepsch et al., 2003) .
However, Grau-Crespo et al. (2004) modelled a Fe/Sb ordering along the long (c) axis of the tetragonal cell, while detecting no interaction along either a (or b) axis. Hence, the diffraction patterns of tripuhyite might be predicted to be more diffuse than those of scorodite as a function of this comparative disorder, together with the former's commonly reported nanosized crystal habit (e.g., Mitsunobu et al., 2011; Lalinská-Voleková et al., 2012) .
SEM:
The crystal system of scorodite is reported to be orthorhombic-dipyramidal (Recio-Vazquez et al., 2011) . This is shown clearly in As 100 Sb 0 , As 98.75 Sb 1.25 , As 95 Sb 5 and 
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The crystal system of tripuhyite is reported as tetragonal (Berlepsch et al., 2003 
For the intermediate members of the synthetic series it was assumed that scorodite and tripuhyite formed in the same As/(As+Sb) ratio precursors present in the bombs prior to setting in the oven.
The total yields for the synthetic series are all below 100% (Table 3) , and as the amount of Sb in the precipitates increased from As 100 Sb 0 to As 0 Sb 100 the difference between measured and ideal yield increased as a function of the falling input of As and the increasing A C C E P T E D M A N U S C R I P T
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input of Sb. These low totals could be due to incomplete digestion of the precipitates and/or evaporation during the digestion process. It is well-known that As is prone to volatilization during a digestive process (Loska and Wiechuła, 2006) ; however, the fact that the Sb-rich members of the synthetic series were increasingly difficult to digest implies that incomplete digestion rather than volatilization was likely the principal cause. This is supported by Sb and
As pre-and post-experiment concentration ratios, which show that at the Sb-rich end of the series As is enriched relative to Sb as a function of the synthesis. For the As-end of the series the position is reversed with Sb enriched relative to As, indicating that the Sb-bearing phase (tripuhyite) at this end of the series was completely digested and/or a degree of As volatilization occurred. It should, be emphasized, however, that the comparative antimony depletion shown by the Sb-rich series members was markedly greater than the arsenic depletion shown by As-rich series members (Table 3 ). This observation further supports the view that the most likely explanation for the falling yield pattern is the increasing presence of a Sb-bearing phase (tripuhyite) which is resistant to digestion. µXRF mapping. µXRF mapping was used to evaluate the distribution of As and Sb in the synthetic compounds, and to provide information about the types and speciation of Sb, respectively. The µXRF mapping showed that As and Sb were anti-correlated in the synthetic compounds (e.g., As 1.25 Sb 98.75 , Figure 7 ).
Arsenic and Sb concentrations of natural scorodite samples
Scorodite is widespread geographically, with 967 reported locations listed on Mindat (Mindat, 2014) . We analysed scorodite samples from every continent apart from Antarctica (Table 4) , to determine whether the scorodites contained any Sb. The scorodite samples were blue or green, and occurred as crust-like alteration products of arsenopyrite and löllingite, or
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as well-formed crystals within a host matrix or, most commonly, in isolation (Table 4 ; c.f.,
Mihaljevič et al., 2009).
Each of the 36 natural scorodite samples was analysed at least six times by EMPA.
Two of the samples showed no detectable amounts of Sb (LOD = 0.005 wt. %). Others showed minimal Sb; for example the sample from Tsumeb, Namibia showed detectable Sb (0.009 wt. %) at just one of the six points used to analyse this grain. The range of concentrations shown across the individual sample points ranged from this minimum 0.009
wt.% to a maximum of 0. 615 wt. % in a sample sourced from Bradda Head, Isle of Man. The later sample also had the highest mean Sb concentration of 0. 362 wt. % Sb (n = 12). This latter sample appeared to be forming from an arsenopyrite precursor.
Behaviour of Sb in the As-Fe-Sb-O System
Our Munsell colour, XRD and µXRF mapping analysis have shown that when Sb is introduced to the As-Fe-O system via scorodite precipitation, the distinct phases scorodite and tripuhyite form. The powder XRD data suggest that there is no detectable As-Sb solid solution in scorodite. This agrees with our EPMA data for the natural samples ( Table 4 ) that suggests that the scorodite does not incorporate significant amounts of Sb.
The synthetic scorodite produced in this study is well-crystallised, whereas tripuhyite is poorly-crystallised (Figure 2 ). The morphology of the scorodite phases changes, however, from crystalline rosettes to blocky masses when between 10 and 40 molar Sb/(As+Sb) is added to the synthesis solutions, and the blocky masses persist with increasing amounts of Sb ( Figure 6 ). The presence of impurities such as Sb is known to inhibit mineral crystallization, as the impurities can block or retard the growth of dominant crystal faces (Wright, 2009 ).
Moreover, the competition for common ions between minerals may cause the formation of
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one to be inhibited, particularly when there are differences in the kinetics of formation and the relative thermodynamic stability of the minerals (Giocondi et al., 2010) .
Tripuhyite has been increasingly reported in studies of mine wastes, perhaps as a function of improving characterisation techniques (e.g., Majzlan et al., 2011; Mitsunobu et al., 2011; Leverett et al., 2012; Roper et al., 2012) . Some of these authors note that the previous underestimation of the prevalence of tripuhyite may be a function of its often nanocrystalline habit (Mitsunobu et al., 2011) and its orange-red colour, leading to misidentification as Fe oxy/hydroxide (Leverett et al., 2012; Roper et al., 2012) .
We have corroborated previous work reporting the high stability of tripuhyite and the conservative environmental behavior of Sb with our chemical digestion data (Table 3) by demonstrating the relative insolubility, and therefore likely low bioaccessibility, of tripuhyite.
Other authors have established that tripuhyite is an extremely stable phase, significantly more stable than scorodite or goethite (Leverrett et al., 2012) . After the oxidation of primary Asand Sb-bearing sulfides, fractionation between As and Sb has been reported frequently, almost always with As being significantly more mobile than Sb (e.g., Flynn et al., 2003; Tighe et al., 2005; Diemar et al., 2009; Ettler et al., 2010 : Frohne et al., 2011 . It might therefore be concluded that the secondary mineral hosting Sb is more stable than that of As (cf., Wilson et al., 2004) . In a wider environmental context the high stability of tripuhyite may well be an important factor in explaining the conservative environmental behavior pattern of Sb. For example, it has been proposed that iron/oxy hydroxide minerals (e.g., goethite) can readily be transformed into tripuhyite (Leverett et al., 2012) , as shown below:
The log equilibrium constant (log K) of equation (3) is +11.0 (at 298.15 K). It can therefore
be concluded that goethite is unstable with respect to tripuhyite even at very small (tens of parts per trillion) activities of Sb(V) in aqueous solution (Leverett et al., 2012; Bolanz et al., 2013) . It should also be noted, however, that sorption of Sb to Fe oxy/hydroxide minerals is also a real, often reversible, phenomenon (McComb et al., 2007) . In reality a spectrum of Sb hosting behaviour is likely to exist between the two absolute end members of surface mediated-sorption and -nano-crystallisation; position on this spectrum will be constrained by the pertaining mineralogical, physical and chemical circumstances.The 'Sb-scavenging' mechanism caused by tripuhyite formation likely explains the reported presence of nanosized tripuhyite crystals reported from pegmatites (e.g., Novák et al., 2004) . It has been established that both As and Sb behave as incompatible elements during magmatic processes, in the absence of sulphide in the fluid phase, and are thereby concentrated in pegmatites (e.g., Noll et al., 1996; Melcher et al., 2014) . Hence, Sb is present in the final stages of melt crystallisation, where it may be scavenged, even where there is only a low concentration of Fe, to form the highly stable tripuhyite. In this context, it is also worth noting that tripuhyite was originally characterised as 'micro-crystalline aggregates' in alluvial deposits derived from the weathering of pegmatites at Tripuhy, Brazil (Hussak and Prior, 1897).
It is of interest to speculate on the origin of the markedly high stability of the tripuhyite lattice. It is well established that the two key constraints on lattice stability are the products of the total of change of the component ions and the number of ions in each formula unit (directly proportional to stability) together with the sum of the atomic radii of the participating ions (inversely proportional to stability). These relationships are semiquantitatively described by the Kapustinskii equation (4) (a simplified form of the quantitative Born-Landé equation) (Gale, 1996) :
Where L is the lattice energy (kJ mol -1 ), W is a constant equal to 1.079*10 5 kJ mol -1 , is the number of ions in each formula unit, Z+ and Z-are the number of positive and negative charges and r+ and r-are the radii of the positive and negative ions, expressed in pm . The equation has been extended to approximate the lattice energies of crystals with multiple ions such as tripuhyite (Glasser, 1995; Glasser and Jenkins, 2000) which further refine the lattice energy's direct relationship with charge and indirect one with inter-nuclear distance/unit cell volume. Hence, the high charge of the scorodite and tripuhyite unit cells is the principal reason for these phases' high environmental stability. The interposition of the two water molecules in the scorodite framework, however, mean that despite the smaller ionic radius of Leverett et al., 2012) . In the context of a reducing (anoxic) environment it is also worth noting that schafarzikite has no reported analogous reduced As-bearing phase. Thus, in the absence of other constraining factors, the comparatively conservative behavior of Sb compared to As at the surface can be predicted to be heightened at depth, perhaps as a function of sediment burial.
Crystal structure of scorodite and lack of Sb incorporation
In oxidized mine waste environments, As and Sb mostly both occur as oxidized species (i.e., As(V), Sb(V); e.g., Kossoff et al., 2012) . Antimony is chemically similar to As, with both
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metalloids lying in group 15 of the Periodic and, for steric reasons, is often octahedrally coordinated with oxygen (compare 74 pm for octahedrally coordinated Sb(V) with 47.5 pm for tetrahedrally coordinated As(V) and 60 pm for octahedrally coordinated As(V); Shannon, 1976) . The larger size and different coordination of Sb(V) compared to As(V) suggests that substitution of the Sb(V) for the As(V) in scorodite is either unlikely or limited, and this has been shown by our co-precipitation experiments.
Conclusions
During precipitation of scorodite in the presence of Sb, the Sb does not substitute in scorodite, probably due to its large radius and octahedral coordination with O (compared to the tetrahedral coordination of As with O in scorodite). The introduction of increasing concentrations of Sb to the Fe-As-O system when scorodite precipitates affects the morphology of the scorodite, and results in the precipitation of the highly insoluble phase tripuhyite. Tripuhyite has a markedly high lattice energy, which likely renders it a long-term environmental sink for Sb. Its abundance has probably been previously underestimated, most likely as a result of both its Fe oxyhydroxide-like appearance and commonly reported nanomicro crystalline habit. It is therefore conceivable that a significant proportion of what has previously described as Sb sorbed to Fe oxyhydroxides is in fact distinct nano-crystalline assemblages of tripuhyite, and further work is required to test this hypothesis. The higher stability of tripuhyite relative to scorodite could be a significant factor in explaining the often observed lower environmental mobility of Sb compared to As; for example, in oxic mine A C C E P T E D M A N U S C R I P T Table 4 . Electron microprobe analysis of natural scorodite samples. 
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